ABSTRACT: The kinetic/adsorption properties of polyethylene glycol (PEG) on an alumina surface were examined. The influence of the molecular weight of PEG and of changes in the pH of the solution on the electrical properties at the solid/polymer solution interface were considered. The dataobtained allowed the main factors responsible for the observed zeta potential and the surface charge changes on theAlp) surface to be determined. Thecalculated differences in the values of thesurface charge (dad) andin thecharge on thediffuse layer (dO o ) for the Alp/NaCI and AIP/PEG-NaCI systems enabled a mechanism to be proposed for the zetapotential changes. It was confirmed that the molecular weight of thepolymer has an influence on thecalculated thickness of thePEG adsorption layer on thealumina surface and thus ontheconformation of thepolymer chain in the near-surface region. The pH of the solution also affects the thickness of the adsorbed layers on the Alp) surface by influencing the interaction between the surface groups of the oxide and the conformational structures of the adsorbed macromolecule at the alumina/polymer solution interface.
INTRODUCTION
The wide interest in phenomena occurring at the solid/solution interface arises from the broad Possibilities of polymer substance applications in numerous technological processes where stabilization or flocculation of dispersed solid particles is needed. Most studies have either focused on the theoretical or practical aspects of this particular problem.
Despite the existence of many theories concerning the conformation of polymer chains at the Solid/solution interface Kawaguchi and Takahashi 1992; Cohen Stuart and Fleer 1996; Fleer and Lyklema 1983) , a detailed specification of the factors involved has proved impossible in practice both from the theoretical and practical viewpoints. For this reason, some statistical methods are used in many theoretical investigations to enable an approximate description to be made of the phenomenon of polymer adsorption.
In most cases, polymer adsorption has been investigated through the determination of adsorption isotherms. However, the results obtained have been less than satisfactory in allowing some conclusions to be drawn on, for example, the mechanism of the process examined. In addition, comparison of the experimental results with theoretical predictions has revealed numerous 'First presented at the 3rd Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application, Lviv, Ukraine. 22-24 September 1998. "Author to whom all correspondence should be addressed. discrepancies, especially when the isotherms obtained have been interpreted in the same way as for monodisperse polymer materials. Since most polymers used in these investigations have been polydisperse, the results obtained should have been treated as for multi-component systems. The main factors which indicate that such an approach may be relevant are (i) differences in shape between the experimental isotherms and those predicted theoretically, (ii) polymer adsorption appears to be irreversible in the cases studied and (iii) the observed shape of the isotherms appears to depend on the degree of polydispersity of the polymer studied (Siffert and Li 1989; Lafuma et al. 1991) .
In addition to the extent of polymer adsorption, the most important parameters (amongst many others) which describe the conformation of a polymer chain at a solid/solution interface are the polymer fraction directly bound to the surface of the solid, the thickness of the adsorbed polymer layer and the density of the segment distribution as a function of the distance from the surface of the solid. One method which enables the fraction of segments directly bound to the surface ('train' structure) to be determined is microcalorimetry (Sommer and Daoud 1994) . This allows the direct measurement of this quantity by estimating the relationship between the enthalpy of elimination of the solvent by the monomer to that of the solvent by the polymer. However, to obtain precise results by this method, some attention to detail is required (Trens and Denoyel 1993) .
Other measurements such as the determination of the free energy of adsorption of polymer segments forming polymer chains , surface charge changes (Chibowski 1990a,b) , the layer thickness of the adsorbed polymer or changes in the zeta potential (M'Pandou and Siffert 1987) can also be applied to provide a description of the behaviour of disperse systems involving solutions of polymeric substances. The present studies were directed towards determining the adsorption properties of polyethylene glycol (PEG) on an alumina surface and investigating the influence of the molecular weight of PEG on the surface charge and zeta potential of A1 2 0 3. The thickness of the PEG adsorption layer was then calculated from the zeta potential values. Alumina was chosen as the substrate because it allows studies to be conducted over a wide pH range, undergoes limited dissolution and exhibits a well-defined solid/solution interface.
EXPERIMENTAL
A crystalline sample of y-AIP3 obtained from Merck, Germany was used as the solid sample. Its specific surface l;lrea as determined by the BET method was 62.4 m 2/g and its average pore diameter was 1350 nm. Polyethylene glycol (PEG) of molecular weight 2000 and 8000 (as supplied by Aldrich Chemicals) and 35 000 (as supplied by Fluka) was used as the polymer. PEG solutions in the concentration range 3-300 ppm were prepared using doubly distilled water.
The adsorption of PEG on the alumina surface was studied by a static method. Thus, 0.25 g of the solid (A1P3) was introduced into an Erlenmeyer flask and 25 ml of a PEG solution with a defined background electrolyte concentration (10-3 mol/dm' NaCI) added at a known pH value.
The suspension thus obtained was shaken for 20 h at a frequency of 120 cycles/min with the pH constantly monitored. After this time length, the suspension was centrifuged and 10 ml samples of the resulting clear solution taken for analysis of their PEG content. The extent of adsorption was calculated as the difference between the PEG concentrations before and after the adsorption process. Such concentrations were measured turbidimetrically (Nuysink and Koopal 1982) using a computerized Specord M42 colorimeter with M500 software. This arrangement enabled both the optimal conditions for measurement to be chosen, as well as allowing for their automatic correction. Absorbance values were measured at a wavelength of 600 nm.
Zeta potential measurements were performed using a computerized laser zetameter (Zetasizer 3000 from Malvern Instruments). Before each measurement, 0.04 g of the alumina was suspended in 100 em' of the polymer solution of a known concentration and pH value. Other conditions employed were the same as for the adsorption experiments (background electrolyte, 10-3 mol/dm' NaCI; temperature, 25°C; shaking frequency, 120 cycles/min; time, 20 h). Zeta potential values were calculated numerically.
Potentiometric titrations of the suspension samples were performed according to methods described previously (Sprycha 1982; Blok and de Bruyn 1970) in thennostatted Teflon vessels at a temperature of 25 ± 0.2°C employing I g of AIP3 suspended in 50 em' of background electrolyte (10-3 mol/dm' NaCl) with or without addition of PEG.
RESULTS AND DISCUSSION
The kinetics of PEG sorption on to alumina were first studied and the data depicted in Figure 1 demonstrate the time period necessary to achieve equilibrium in the system. This value depended on the chemical affinity between the functional groups of the macromolecule and the surface of the solid, on the degree of polydispersity of PEG and on the conformational differences between the polymer in solution and at the solid surface. Changes in the conformation of the macromolecule may change its physicochemical properties and, as a result, the magnitude of adsorption, the nature of the interactions and the structure of the adsorption layers formed may be different (Kawaguchi and Takahashi 1992; Cohen Stuart and Fleer 1996; Fleer and Lyklema 1983; Cohen Stuart et al. 1982) . As shown in Figure I , the equilibrium time necessary for the AIP/PEG-80D0 system was ca. 60 min and was determined mainly by the polydispersity of the samples employed. Increasing the polydispersity of the samples led to a considerable increase in the time necessary to achieve adsorption equilibrium. This arises because polymer macromolecules of smaller molecular weights which are initially adsorbed at the beginning of the process will be desorbed by higher molecular weight macromolecules (Chibowski 1993) . Account should also be taken of the fact that the polymer chain is likely to be bound to the surface through only a relatively small number of its elements. Other polymer segments will be exposed to the bulk solution and are therefore capable of adsorbing on to the surface of another particle under some conditions. Hence, it follows that it is not the whole macromolecule but rather individual segments in its structure which compete with solute particles for places on the surface of the solid. Adsorption equilibrium occurs in the system when equilibrium is effected between adsorbed segments on the solid surface and those present in the loops and tails of the attached macromolecule as well as polymer particles present in the bulk solution. These processes are often very slow so that the observed changes in . the extent of adsorption are very small. Such a state is called a 'slow equilibrium'.
The PEG adsorption isotherms depicted in Figure 2 being the same for different molecular weights of the macromolecule although the total amount of polymer adsorbed will be higher for particles of higher molecular weight. This means that, under the latter circumstances, the number of polymer chain segments in the form of loops and tails in the phase close to the surface will be greater. The observed increase in adsorption may also be caused by changes in the conformation of the chain at the Al.O, surface (Fleer 1991) , with such conformational changes from a train-to a tail-type exposing agreater number of active sites on the surface of the oxide. This effect should be more prominent for surfaces having a higher pore diameter. The lack of a plateau region in the isotherms obtained for PEG adsorption indicates a polydispersity factor greater than unity.
The data depicted in Figure 3 demonstrate that any discussion of the adsorption processes of polymer macromolecules should also take the pH of the solution into account. Thus, at every molecular weight of the PEG investigated, at an equivalent concentration (100 ppm) a small increase in adsorption was observed with increasing pH value of the solution. This effect is connected with the change in properties expected for the oxide surface groups and their degree of hydration. The number of respective surface groups (-AIOH2+, -AIOH and -AIO-) depends on the pH of the solution and influences both the type and magnitude of the polymer segment/solid interaction. As a consequence, various conformations of the macromolecules at the oxide surface/solution interface may be generated. For the system examined, an increase in the number of -AIOH surface groups occurs with increasing pH up to a value corresponding to the point of zero charge (pzc) for AIP3 (ca. 7.2) (Chibowski 1990b ). The increasing number of these groups may have a positive influence on, for example, hydrogen bond formation between the polymer chain segments and the oxide surface. This suggestion is well confirmed by the plot of the magnitude of PEG adsorption versus the pH of the solution depicted in Figure 3 . Some increase in the extent of adsorption is observed up to a pH value of 7.8, i.e. to a value in the vicinity of the pzc for AIPl' Subsequent increases in the pH led to a small decrease in the extent of adsorption, the greatest decrease being observed for the polymer sample of lowest molecular weight. The plots depicted suggest that the interactions between polymer molecules and adsorption sites on the AIP3 surface are likely to be of the hydrogen-bridge type (-Alo-H-QH-PEG) rather than of a physical nature. More information on the nature of the adsorption process and of the electrokinetic processes occurring at the polymer/alumina interface may be obtained from zeta potential and surface charge measurements for the system. The relevant data are depicted in Figures 4 to 7 , inclusive. Analysis of these data shows that below a pH value corresponding to the pzc of AIP3 the adsorption of PEG had only a minute influence on the surface charge density. However, above this pH value, differences were more visible and depended on the molecular weight of PEG ( Figure 5 ). The distribution of charge in the diffuse part of the double layer was markedly dependent on the presence of PEG in the system (Figure 4) , with the changes in the zeta potential for different molecular weights of PEG being the sum of different effects produced by various processes occurring simultaneously, as well as by the different polymer chain conformations. These effects may be listed as follows: I. A shift in the shear plane whose position in the presence of a polymer is determined mainly by the number and length of polymer loops formed (M'Pandou and Siffert 1987). As the molecular weight of the polymer increases, the length of the loops perpendicular to the surface of the solid will increase and as a result the shift in the shear plane from the solid surface will increase. 2. Possible small changes in surface charge arising from PEG adsorption. This change may be connected, for example, with the removal of water dipoles from the surface of the solid and hence with a change in the degree of hydration of the surface. 3. Blocking of the active sites on the AIP3 surface by adsorbing polymer chains. An approximate estimate of the relative contribution of thesevarious effects may be obtained by determining the differences in the values of the diffuse layercharge (~o) and of the surfacecharge (~(Jo) for the Alp/NaCI and AlpjPEG-NaCI systems and then comparing these values. On the basis of the Stern model of an electrical double layer, the diffuse layer charge may be calculated from the equation (Wiese et al. 1976 ): ( 1) wherec is the concentration of background electrolyte, z is the chargeon the counterion and 'I'd is the diffuse layer potential.
Potentiometric titration data were used to determine the differences in the surfacechargevalues and detailed examination of the data obtained demonstrates that~(Jd values were less than~O' o values for all PEG molecular weights examined below the isoelectric point (i.e.p.) (Figures 6 and  7) . In the presence of PEG, zeta potential or surface charge changes in this pH region are likely to be caused by the blocking of active sites on the Al 203 surface by adsorbing PEG molecules. The mostobviouseffectin thisrespectis thatfor themacromolecule withthe smallest molecular weight, i.e. PEG-2000. Indeed, in this case, adsorbed PEG chains will tend to assume a flatter structure. Such chains will possess more train-type structures which will tend to block more active sites on the alumina surface. Above thei.e.p., changes in~(Jd and~O' o values weremoredistinct and appeared to be a function of the polymer molecular weight.
By comparing these values and considering the double layermodel in the presence of a polymer (M'Pandou and Siffert 1987) , it is possible to conclude that zeta potential and surface charge changesin this pH regionare not causedsolelyby the blocking of active sites on theAIP3 surface, but also by a shift in the shear plane which arises from the difference between the~O' d and~O' o values. The difference in the values of the charge on the diffuse layer (~O' d) is greater than the difference in the values of the surface charge (~O' o) ' especially for the smallest PEG molecular weight in the pH range 7.5-8.5.
The values determined for AG d and AGo and the proposed mechanism for the zeta potential changes allow the precise definition of the conditions under which the thickness of the adsorbed polymer layers on the alumina surface can be calculated. In so doing, it must be assumed that the presence of the polymer has no influence on the following (Garvey et al. 1976) : (i) the surface charge density; (ii) the specific adsorption of ions in the Stern layer; and (iii) the distribution of charge in the diffuse part of the electrical double layer. Provided that these conditions are met, the observed lowering of the zeta potential may be connected directly to the shift in the shear plane, thereby allowing the thickness of the adsorbed polymer layer to be calculated. For the system examined in the present work, the above conditions are likely to be fulfilled at a pH "" 7.5 and for the lowest PEG molecular weight up to a pH "" 8. . The results obtained listed in Table 1 confirm the adsorption relations obtained and indicate that the molecular weight of the polymer is responsible for the chain structures formed during its adsorption. It is seen that the calculated thickness of the polymer adsorption layer increased with increasing molecular weight of the polymer, probably as a result of the increasing number and amount of loop and tail structures in the adsorbed polymer layer. Furthermore, the pH of the solution may also have some influence on the polymer chain conformation, even for a non-ionic polymer such as PEG. This must be connected with the type of group existing on the oxide surface, the number of such groups (e.g. -AIOH groups) changing with a change in the pH of the solution, thereby influencing the number of hydrogen bonds formed between the polymer chain and the oxide surface. As a consequence, the polymer chain structure may change at the interface leading to changes in the thickness of the polymer adsorption layer. Since the number of surface -AI0H groups will be smaller above the pzc of the Al,O, surface, the number of chain segments interacting with the surface may also be smaller and thereby cause an increase in the thickness of the adsorbed polymer layer. This is probably the reason why the adsorbed layer thickness increased with increasing pH of the system examined. 
